Abstract-Citalopram (CIT), 1-(3-dimethylaminopropyl)-1-(4-fluorophenyl)-5-phthalancarbonitrile, a selective serotonin reuptake inhibitor, is one of the most widely used antidepressants for the treatment of anxiety, obsessional, and control disorders. The degradation of the pharmaceutical CIT hydrogen bromide in water was investigated in the dark and in a growth chamber outfitted with fluorescent lamps simulating the ultraviolet output of sunlight at 25ЊC. No significant degradation could be detected in dark controls in any aqueous solution investigated over a period of 30 d. Citalopram degraded less than 0.5% at pH 5 and pH 7 during the 30-d exposure period under simulated sunlight. However, at pH 9, CIT moderately degraded, with a half-life of 65 d via a pseudo-first order kinetic model. Degradation was faster in synthetic humic water (half-life, 24 d) and in natural waters (half-lives, 14 and 43 d) than in pH 9 buffer, indicating photosensitization by humic acid or other materials in water. Two photoproducts were detected over the irradiation period, and their structures were identified as N-desmethylcitalopram (DCIT) produced by N-demethylation as a major product and CIT N-oxide by N-oxygenation as a minor product by liquid chromatography-electrospray ionizationmass spectrometry. The DCIT appeared to be hydrolytically and photolytically stable in aqueous environments. In conclusion, CIT and DCIT were relatively stable in various solutions including natural waters. However, they may dissipate from the aqueous phase to some extent, possibly because of adsorption in real environments where soils and sediments exist.
INTRODUCTION
Citalopram (CIT), 1-(3-dimethylaminopropyl)-1-(4-fluorophenyl)-5-phthalancarbonitrile, a selective serotonin reuptake inhibitor (SSRI), is one of the most widely used antidepressants for the treatment of anxiety, obsessional, and control disorders [1] . It is a racemic mixture of R-and S-enantiomers. Citalopram is extensively metabolized in the liver. The major metabolic pathway of CIT is N-demethylation to N-desmethylcitalopram (DCIT) and N-didesdemethylcitalopram (DDCIT) [2] [3] [4] [5] . These metabolites are reported to be pharmacologically less active than the parent compound in terms of serotonin reuptake inhibition [6, 7] . This metabolism is mediated by cytochrome P450 [2, 5] . Other metabolites also have been reported, such as propionic acid derivatives (CIT-PA) formed via deamination reactions and CIT N-oxide (CIT-NO) by Noxygenation [8] [9] [10] of CIT. A half-life of CIT in human plasma of approximately 36 h has been reported [1] .
Methods for the determination of CIT and/or its metabolites have been reported using gas chromatography and gas chromatography-mass spectrometry [11] and high-performance liquid chromatography (HPLC) [2, 3, 6, 8, [12] [13] [14] 15] .
Selective serotonin reuptake inhibitors are heavily prescribed drugs in the United States [13, 16] , and they induce spawning in mussels at aqueous concentrations as low as 10 Ϫ10 M (32 ng/L) [17] . Because of their heavy usage, detectable concentration of these drugs and their metabolites/degradation products may be expected in wastewater treatment effluent released into water bodies and sources of drinking water, and the persistence of them or their degradation products may cause adverse impacts on aquatic organisms. Recently, some papers have reported that some parent compounds and metabolites of SSRIs were detected in surface water in the United States during the years 1999 and 2000 [18] , and venlafaxine and CIT, among SSRIs, were detected in a sewage water sample and quantified at concentrations of 2.01 Ϯ 0.05 (mean Ϯ SE) and 0.34 Ϯ 0.04 ng/ml, respectively [19] .
So far, very little information regarding the fate of SSRIs in aqueous environments regarding hydrolysis and photolysis has been published. The purpose of the present investigation was to assess the potential for CIT to be degraded by photolysis and hydrolysis, to identify degradation products, and to estimate the importance of hydrolysis and photolysis to the fate of CIT in aquatic environments.
MATERIALS AND METHODS

Chemicals
Citalopram was extracted with ethanol and purified by recrystalization with diethyl-ether from Celexa (Forest Pharmaceuticals, St. Louis, MO, USA). Purified CIT was used for HPLC, and the chromatographic response was monitored at 210 nm to determine purity. The purity was more than 99%. Its identity was confirmed by comparison of the acquired spectra [20] by liquid chromatography-electrospray ionizationmass spectrometry (LC-ESI-MS). Standard buffer solutions and all salts were reagent grade or better and were obtained from Fisher Scientific (Pittsburgh, PA, USA). All solvents were HPLC grade and also were obtained from Fisher Scientific. Humic acid (sodium salt) was purchased from Aldrich (Milwaukee, WI, USA), and deionized water was used to prepare the buffer solutions.
Preparation of CIT standard solution, buffer solution, and synthetic humic water
Citalopram standard stock solution was prepared in ethanol at a concentration of 1,000 mg/L. Three aqueous buffer solutions were prepared. Buffers at pH 5 (sodium acetate buffer), pH 7 (sodium phosphate buffer), and pH 9 (sodium borate buffer) and synthetic humic water (SHW; pH 7) was made according to U.S. Environmental Protection Agency guidelines [21] and were the same as those used previously [22] . Two lake waters were collected from Mississippi State University (lake water 1; Mississippi State, MS, USA) and Choctaw Lake (lake water 2; Ackerman, MS, USA), filtered using a 0.2-m filter, and stored at 4ЊC until use. The properties of the natural waters are summarized in Table 1 .
Photolysis and hydrolysis experiments
Photolysis and hydrolysis experiments were conducted in pH 5, pH 7, and pH 9 buffer solutions, SHW, and filter-sterilized lake water at a concentration of 5 mg/L. For photolysis, a 0.5-ml aliquot of the stock solution was added to a 200-ml amber bottle, and the ethanol was gently evaporated with the aid of a nitrogen stream. Then, the residue was dissolved in 100 ml of each solution. Samples were prepared in 2-ml, capped, clear borosilicate glass vials and irradiated in a temperature-controlled growth chamber outfitted with fluorescent lamps. Both the lamps and the method for the quantum yield calculation have been presented in detail previously [22] . These lamps have been used in other photodegradation experiments [22] [23] [24] , and their spectral output is reported elsewhere. The light intensity was measured before starting an experiment and then two times a week during the experimental period using an EPP2000 Miniature Fiber Optic Spectrometer and SpectraWiz software (Ver 2.1; StellarNet, Tampa, FL, USA). Control samples (hydrolysis samples) with the same initial concentration as the photolysis samples were kept in the dark at the same temperature. Samples were withdrawn to analyze the amounts remaining in solution at regular intervals of treatment. Experiments were performed in duplicate. The rate constants were calculated by linear regression analysis of a plot of the natural logarithm (ln C/C o ) of residual CIT concentration versus time, where C o is the initial concentration and C is the concentration at a certain time.
Instruments
The ultraviolet/visible (UV/Vis) absorption spectrum of CIT was recorded using a model 8453 UV/Vis spectrophotometer (Hewlett-Packard, Waldbronn, Germany). The HPLC analyses were performed using a Waters 2695 HPLC with UV detection using a Waters 2996 photodiode-array detector (Milford, MA, USA) at 238 nm. Data were processed using MassLynx software (Ver 3.4, Waters). The degradation products were separated from the parent compound using a Waters Nova-Pak C18 (3.9 ϫ 150 mm) analytical column. A flow rate of 1.0 ml/min was used for all analyses. The mobile phase used for all experiments was composed of acetonitrile-distilled water containing 10 mM aqueous triethylamine (42:58, v/v) with the pH adjusted to 4.8 by addition of 85% phosphoric acid. For each solution, the amount of CIT remaining in solution was calculated as a percentage of the concentration before incubation (time zero). Because standards for degradation products were not available, all products were quantified as a percentage of the peak area for the parent compound. All degradation experiments were run in duplicate.
The LC-ESI-MS in positive mode was performed on a Micromass Quattro Micro mass spectrometer (Micromass, Manchester, UK). Degradation products were separated on a Phenomenex Luna 5-m phenyl-hexyl (25 ϫ 2 mm; Torrance, CA, USA) analytical column. Analytes were eluted from the column with an acetonitrile (A) and 10 mM ammonium acetate (B) solvent gradient, which began at an A:B of 10:90 (v/v) for 2 min and proceeded to an A:B of 90:10 (v/v) over 30 min. The flow rate was 0.2 ml/min. The MS parameters used for the analysis were as follows: Capillary and cone voltages, 3.0 and 30 V, respectively; source temperature, 80ЊC; desolvation temperature, 240ЊC; cone gas flow, 60 L/h; ion energy 1 and 2, 0.5; and multiflier, 650 V. The entire column eluent of sample exposed to light for 18 d in pH 9 buffer was introduced directly into the mass spectrometer through the ESI interface. The MS scan range was m/z 120 to 400 amu.
RESULTS AND DISCUSSION
UV spectra of CIT
Citalopram produced a maximum absorbance ( max ) band at 238 nm in all buffer solutions (Fig. 1) . However, CIT in pH 9 buffer had a higher absorptivity at 238 nm and a slight bathochromic shift above 290 nm compared to pH 5 and pH 7 buffer solutions, indicating that CIT may be more susceptible to degradation by photolysis in alkaline solutions. The UV spectrum reported here is nearly identical to that reported elsewhere [15] .
Degradation kinetics
Citalopram was hydrolytically stable at all pH levels and also photolytically stable at pH 5 and pH 7 during the 30-d exposure period, being degraded by less than 0.5%. However, CIT was moderately degraded by photolysis in pH 9 buffer, suggesting that this drug degrades much faster in alkaline conditions under light. It seems that the higher photodegradation in pH 9 buffer resulted from the light absorption characteristics of CIT. As mentioned above, CIT exhibits little absorbance above 290 nm in pH 5 and pH 7 buffer; however, CIT in pH Fig. 3 . The mass spectra of the parent compound (A), photoproduct 1 (B), and photoproduct 2 (C). 9 buffer slightly absorbs light above 290 nm. The degradation followed a pseudo-first order kinetic model (Fig. 2) . The slope of a linear plot of ln C/C o versus time gives the photodegradation rate constants. The degradation rate and half-life in pH 9 buffer were 0.011 d Ϫ1 and 65 d, respectively (Table 2) . However, it is thought that this degradation rate is still low.
Sensitized photodegradation of CIT was determined in aqueous solution in the presence of humic acid (SHW, pH 7) and in two filtered lake waters (pH 7.60 and pH 7.25). When exposed to light, CIT in SHW was degraded 2.7-fold faster than it was in pH 9 buffer (Fig. 2) , indicating that humic acid plays an important role in photodegradation of CIT in aqueous solution. In general, humic acid is a ubiquitous natural organic material which appears in soil and many surface waters. It is a photosensitizer responsible for indirect photolysis and has been reported to produce active oxygen species [25] [26] [27] [28] . On CIT in lake water 1 (Mississippi State, MS, USA; Ⅵ), DCIT in lake water 1 (ⅷ), CIT-NO in lake water 1 (᭡), CIT in lake water 2 (Ackerman, MS, USA; □), DCIT in lake water 2 (⅜), and CIT-NO in lake water 2 ( ᭝). the other hand, Sakkas et al. [29] and Lam et al. [30] have reported, respectively, that degradation rates decreased as the concentrations of humic and fulvic acid in aqueous solution increased and that, although dissolved organic matter produces hydroxyl radical (·OH) by irradiation, increasing dissolved organic matter concentrations often resulted in longer half-lives, likely because of attenuation of light penetrating the solutions. In lake water 1, CIT degraded most rapidly among the test solutions, with a half-life of 14 d, whereas lake water 2 had a lower degradation rate compared to SHW and lake water 1. Differences in water constituents possibly are responsible for the differences in degradation rates. Concentration of nitrate and bicarbonate were 6.0-and 2.3-fold higher, respectively, in lake water 1 than in lake water 2. It is known that ·OH produced through the photolysis of nitrate and dissolved organic matter and carbonate radical (· ) generated from the reaction of Ϫ CO 3 ·OH with either carbonate or bicarbonate ions are reactive transients in natural waters. However, in general, · reacts Ϫ CO 3 rapidly with sulfur-containing compounds and with electronrich compounds [31, 32] . Therefore, the faster degradation of CIT in lake water 1 seems to be caused by the higher nitrate concentration and higher absorbance resulting from higher humic materials. This also is consistent with the higher levels of DCIT observed in lake water 1.
Characteristics of photoproducts
The LC-ESI-MS was used to identify the structures of photoproducts formed during photolysis of CIT. Citalopram ϩ also were detected (Fig. 3A) . The mass spectrum of purified CIT exactly corresponds to those published for authentic standard [20] , which were not available for this project.
Citalopram produced a major and a minor photoproduct in the present investigation. Photoproducts produced in pH 9 buffer were the same as those observed in SHW and the two lake waters. The mass spectrum of the major photoproduct 1 contained a major ion peak at m/z 311 [MϩH] ϩ , indicating a molecular weight of 310. This photoproduct is identified to be DCIT, which was formed by N-demethylation of the parent compound. It also contained ion peaks at m/z 150, m/z 234 (Fig. 3B) . The m/z 293 and m/z 352 ions resulted from the loss of water and by addition of acetonitrile as an adduct, respectively. This mass spectrum has the same ion peaks as those of DCIT detected from the hair extract of a patient who was treated with CIT for four months [20] ϩ , which were main ion peaks in the mass spectrum of the hair extract. The DCIT is one of the most common metabolites detected in plasma and in serum [2, 3, [5] [6] [7] [8] [9] [10] 18] . For example, after an oral administration of therapy-resistant depressive patients with CIT (40 mg/d) for two weeks, mean plasma concentration of CIT, DCIT, DDCIT, and CIT-PA were 86, 35, 7, and 31 ng/ml, respectively [33] . Generally, DCIT is further N-demethylated to DDCIT in humans. In the present study, however, DDCIT was not detected. (Fig. 3C) . It also has some of the same ion peaks as the parent compound and photoproduct 1 (m/z 150, m/z 262, and m/z 280). This photoproduct is identified to be CIT-NO, which was formed by N-oxygenation. For the identification of CIT-NO, a confirmation should be made because N-oxides and hydroxylated compounds generally are 16 amu greater than the parent compound. From Figure 3C , an ion of m/z 325 was caused by the loss of an oxygen atom, suggesting that this product should be N-oxide compound, whereas a fragment ion from a hydroxylated compound would be caused by a loss of H 2 O. So, if this degradation product was a hydroxylated compound, then m/z 323 [MϩH-
ϩ . Ions at m/z 262 and m/z 280 also are related to the loss of an oxygen atom. Some studies distinguishing N-oxides from hydroxylated compounds have been published [34, 35] . This product already has been reported in plasma and urine samples to a limited degree, and it is a highly polar metabolite [8] [9] [10] 36] and appears to play a minor role in CIT degradation.
The changes in peak area of CIT, DCIT, and CIT-NO during the irradiation are presented in Figure 4 . The decrease in amount of the parent compound was related to a simultaneous increase in degradation products. The DCIT gradually increased in amount over a period of 30 d in pH 9 buffer, SHW, and lake water 2, suggesting that DCIT likely is both hydrolytically and photolytically stable in these aqueous solutions. However, this product was gradually decreased in lake water 1 after 8 d of irradiation, indicating the possibility of photodegradation in lake water 1, where faster degradation occurred, possibly because of ·OH formed by nitrate and humic acid in the water. The UV absorption spectrum of DCIT was nearly identical to that of CIT, suggesting that the chromophore was not modified. The UV spectra of DCIT and DDCIT, as well as of CIT, were reported [15] , showing that all the UV spectra are exactly the same. The CIT-NO was detected in small quantities just up to 1.4% of initial peak area of CIT during the experimental period. It seems that the two degradation products are more polar compounds than the parent compound based on shorter retention times on a reversed-phase analytical column.
Interestingly, the photodegradation of diltiazem shows a similar degradation mechanism to that of CIT during irradiation [37] . When exposed to UVA-UVB radiation from a solar simulator at pH 9, diltiazem, (2S, 3S)-3-acetyloxy-5-[2-(dimethylamino)ethyl]-2-(4-methoxyphenyl)-2, 3-dihydro-1, 5-benzothiazepin-4(5H)-one, a channel blocker for the management of angina pectoris and hypertension, produced desacetyldiltiazem by deacetylation and diltiazem S-oxide by S-oxygenation. Therefore, these results indicate that the S-oxide or N-oxide can be produced by photochemical reactions in aqueous solutions. A possible scheme for the photodegradation of CIT is presented in Figure 5 . As mentioned above, CIT degrades mainly to DCIT by N-demethylation and partly to CIT-NO by N-oxygenation. However, further degradation products were not detected.
CONCLUSION
Citalopram in various aqueous solutions including pH buffers and natural waters was stable in the dark over a period of 30 d and stable to photolysis in pH 5 and pH 7 buffers.
However, this drug moderately photodegraded in pH 9 buffer, with a half-life of 64 d, indicating that photodegradation of CIT somewhat prevails in alkaline conditions. Apparent photosensitization of CIT occurred in SHW (half-life, 24 d) and in natural water (half-life, 14 d). Evidence suggests that CIT is more persistent than other SSRIs, such as fluoxetine, paroxetine, and sertraline. Recently, CIT was reportedly detected at a concentration of 0.34 ng/ml in a sewage water sample [19] . Several other papers have reported lower concentrations of the other SSRIs: Fluoxetine, 0.012 ng/ml [18] and 0.013-0.099 ng/ml [38] ; sertraline, 0.1 ng/ml [39] ; and paroxetine, 0.02 ng/ml [39] . All these values are far below published acute toxicity values for aquatic invertebrates. However, serotonin influences reproduction in many aquatic organisms [40] [41] [42] [43] , and effects are mostly like to occur via chronic, low-level exposure to the more persistent SSRIs. This is an important area for further research. The DCIT was gradually produced up to approximately 15% of the parent concentration, based on peak area counts, and was the main photoproduct detected.
